Introduction
Valsartan, (S)-3-methyl-2-(N-{[2′-(2H-1,2,3,4-tetrazol-5-yl)biphenyl-4-yl]methyl} pentanamido)butanoic acid, is a highly selective antagonist of the angiotensin II receptor. 1 Currently, valsartan is widely used to treat hypertension. The oral solid dosage form is considered to be the most suitable for the delivery of active pharmaceutical ingredients (APIs). However, valsartan has poor water solubility (3.08 µg/mL) and high permeability; therefore, it is a class II drug according to the Biopharmaceutics Classification System. 2 In addition, valsartan contains a tetrazole derivative-containing acid (pK a =4.73) as well as carboxylic-group acids (pK a =3.9) groups, which may influence its solubility in a pH-dependent manner. 3, 4 In healthy individuals, valsartan has an absolute bioavailability of 23% after administration of an 80-mg capsule, which might be due to its poor solubility at low pH. In order to improve the oral bioavailability of valsartan, different formulations such as solid dispersion, 2, 5 self-microemulsifying drug delivery system, 6, 7 spray-dried emulsion, 8 and spray-dried nanosuspension 9 have been studied.
Composite formulations, containing polymer and surfactant, are used in the pharmaceutical industry and they can enhance the dissolution and oral bioavailability of Fabrication and evaluation of valsartan-polymersurfactant composite nanoparticles by using the supercritical antisolvent process Min poorly water-soluble APIs. [10] [11] [12] Recently, it was reported that composite nanoparticles could be fabricated by using supercritical fluid technology. 13 Carbon dioxide has been widely used as a supercritical fluid because it is nontoxic, nonflammable, and it has relatively low critical parameters (P c [critical pressure] =7.38 MPa, T c [critical temperature] =31.1°C). During the last 20 years, supercritical carbon dioxide has been used successfully as a solvent or an antisolvent in the pharmaceutical industry for various purposes such as particle formation and extraction of the active ingredient, and as an alternative green solvent to conventional organic solvents.
14-16 Supercritical fluid technologies for particle formation can be classified according to the role of the supercritical carbon dioxide during the process as either a solvent (rapid expansion of supercritical solutions) or an antisolvent (supercritical antisolvent process [SAS] ). Recently, the fabrication of composite nanoparticles by using the SAS process has been reviewed. 17 In addition, composite nanoparticles prepared by using the SAS process have been demonstrated to enhance the solubility, dissolution, and bioavailability of different poorly water-soluble APIs. [18] [19] [20] The aim of this study was to fabricate valsartan-containing composite nanoparticles with enhanced dissolution and oral bioavailability by using the SAS process, and to evaluate the correlation between in vitro dissolution and in vivo pharmacokinetic parameters for this poorly water-soluble drug. The effect of the type of polymer and surfactant on the dissolution and oral bioavailability of valsartan was investigated. In addition, physicochemical characterization of composite nanoparticles was performed.
Materials and methods
Valsartan and irbesartan were obtained from Dong-A ST (Yongin-si, Republic of Korea) and Sigma-Aldrich Co. (St Louis, MO, USA), respectively. Hydroxylpropyl cellulose (HPC) (HPC-SSL; Nippon Soda Co., Tokyo, Japan), hydroxypropyl methylcellulose (HPMC) 2910 (HPMC 2910 3cp; Shin-Etsu Chemical Co., Ltd., Tokyo, Japan), polyvinylpyrrolidone K30 (PVP K30; BASF Co. Ltd., Ludwigshafen, Germany), and vinylpyrrolidone-vinyl acetate copolymer (PVP VA64; BASF Co. Ltd.) were used as polymers. D-α-Tocopheryl polyethylene glycol 1000 succinate (TPGS; Eastman Chemical Company, Kingsport, TN, USA), poloxamer 407 (BASF Co. Ltd.), and sucrose laurate (Ryoto sugar ester L1695; Mitsubishi-Kagaku Foods Co., Tokyo, Japan) were used as surfactants. All organic solvents and other chemicals were of high-performance liquid chromatography (HPLC) and analytical grade, respectively.
Preparation of valsartan-loaded composite nanoparticles

Valsartan-polymer nanoparticles
Valsartan-loaded composite nanoparticles were fabricated using the SAS process (SAS200 model; Thar Technologies, Pittsburgh, PA, USA). To screen polymers, valsartan-polymer nanoparticles were prepared at a 20% drug:80% polymer (w/w) ratio. For HPC, PVP K30, and PVP VA64, valsartan and polymer were dissolved in ethanol at 50 mg/mL (solute concentration). HPMC and valsartan solution (50 mg/mL) was prepared by using a mixture of dichloromethane and ethanol (45:55, w/w). The valsartan-polymer nanoparticles were formed by spraying the drug solution and carbon dioxide into the particle formation vessel at flow rates of 1 mL/min and 11 g/min, respectively. Based on our previous study, the supercritical conditions within the particle formation vessel were set to 40°C and 15 MPa. 13 After spraying the drug solution, fresh supercritical carbon dioxide was delivered into the particle formation vessel to remove residual organic solvents, followed by depressurization of the system to atmospheric pressure. The fabricated valsartan-loaded composite nanoparticles were collected from the particle formation vessel basket.
Valsartan-polymer-surfactant nanoparticles
Valsartan was dissolved in ethanol-containing surfactants, including poloxamer 407, Ryoto sugar ester L1695, or TPGS. HPMC was dispersed in this solution, followed by addition of dichloromethane. The components were mixed by gentle stirring until a clear solution was obtained. The solute concentration was 50 mg/mL in a mixture of dichloromethane and ethanol (45:55, w/w). The particle fabrication procedure was performed as described above. The composition of valsartanloaded composite nanoparticles is described in Table 1 .
characterization of valsartan-loaded composite nanoparticles
The drug amount within composite nanoparticles was measured using a HPLC system (Waters, Milford, MA, USA). Approximately 20 mg of composite nanoparticles was dissolved in 50 mL of dichloromethane and ethanol mixture (45:55, w/w). The solution was filtered through a 0.45-µm syringe filter, and 20 µL of the filtrate was injected onto a C18 analytical column (CAPCELL PAK C18 UG120, 5 µm, 4.6 mm×150 mm; Shiseido Fine Chemicals, Tokyo, Japan). The mobile phase of acetonitrile and water (60:40, v/v), which was adjusted to pH 3.0 with diluted phosphoric acid, was pumped at a flow rate of 1.0 mL/min. The drug was detected spectrophotometrically at 247 nm. The drug content was calculated by using the following equation: loaded drug weight/feeding drug weight ×100. The morphology of valsartan-loaded composite nanoparticles was analyzed by using scanning electron microscopy (JSM-6300; JEOL, Ltd. Tokyo, Japan). The particle size of the valsartan-loaded composite nanoparticles was measured using a laser particle size analyzer (BI-9000; Brookhaven, Upton, NY, USA). Before the measurement, the nanoparticles were dispersed in mineral oil by sonicating for 10 minutes at room temperature. The specific surface area of valsartan-loaded composite nanoparticles was determined with the Brunauer, Emmett, and Teller method by using nitrogen gas adsorption (Autosorb-1; Quantachrome GmbH, Odelzhausen, Germany). The crystallinity of valsartan within composite nanoparticles was determined by using a powder X-ray diffractometer ([PXRD] D/MAX-2200 Ultima/PC; Rigaku Co., Tokyo, Japan) and differential scanning calorimetry ([DSC] S-650; Scinco Co. Ltd., Seoul, Republic of Korea). PXRD measurements were performed from 5° to 50° of 2θ at a scanning speed of 3°/min. DSC measurements were performed by using 2-5 mg samples. The heating rate was 5°C/min from 20°C to 200°C under a nitrogen purge at a flow rate of 20 mL/min. Kinetic solubility tests of valsartan-loaded composite nanoparticles were performed by using a United States Pharmacopeia 37 (USP 37) rotating paddle apparatus (Electrolab, Mumbai, India) at 37°C and 100 rpm. Composite nanoparticles equivalent to 250 mg of valsartan were placed in 250 mL of the dissolution medium (HCl and NaCl, pH 1.2). Three-milliliter samples were collected for analysis at predetermined intervals. The amount of drug dissolved in each medium was determined by using HPLC after filtering through a 0.11-µm syringe filter and diluting with methanol. Dissolution tests of raw material and valsartan-loaded composite nanoparticles were conducted in 900 mL of dissolution medium by using a USP rotating paddle apparatus at 50 rpm. The dissolution media, including HCl and NaCl (pH 1.2), acetate buffer (pH 4.0), and phosphate buffer (pH 6.8), were maintained at 37°C. Samples equivalent to 40 mg of valsartan were placed in the dissolution medium. Three-milliliter samples were collected for analysis at predetermined intervals. After filtering through a 0.11-µm syringe filter and diluting with methanol, the amount of drug dissolved in each medium was determined using HPLC.
Pharmacokinetic study
The study protocol was in compliance with the institutional guidelines for the care and use of laboratory animals, and it was approved by the ethics committee of Kyungsung University. Twenty-five male Sprague-Dawley rats weighing 250±10 g (Orient Bio Inc., Seongnam-si, Republic of Korea) were divided into five groups. The rats were fasted for 16 hours prior to the study. The rats were orally administered small gelatin capsules containing raw material, or different composite nanoparticles equivalent to 10 mg/kg of valsartan. One milliliter of water was administered immediately after drug dosing. Blood samples (approximately 0.35 mL) were collected in heparinized tubes from the retro-orbital plexus of rats at specified time intervals. The tubes were centrifuged at 10,000 rpm for 5 minutes at 4°C to obtain the plasma, which was stored at -70°C until analysis. Valsartan and irbesartan (internal standard [IS]) were extracted by protein precipitation as described previously. 8 For protein precipitation, 20 µL of the IS (250 ng/mL) and 100 µL of 10 mM ammonium acetate buffer (pH 4.0) were added to 100 µL of heparinized plasma sample followed by addition of 600 µL of methanol. After vortex mixing briefly, the organic phase was separated from the aqueous phase by centrifugation at 13,000 rpm for 5 minutes. A 5-µL aliquot of the organic phase was injected into the liquid chromatography-mass spectrometry (MS)/MS system. The HPLC system included binary pumps, an autosampler, and a column heater (HPLC Agilent 1100 Series; Agilent Kim and Baek Technologies, Santa Clara, CA, USA). The HPLC system was operated isocratically at a flow rate of 0.2 mL/min and at 30°C. The mobile phase consisted of methanol:5 mM ammonium acetate (70:30, v/v; pH 4.0). A Phenomenex C18 guard cartridge (3.0×4.0 mm) and Phenomenex Kinetex C 18 column (50×2.1 mm, 2.6 µm) were used (Phenomenex; Torrance, CA, USA). The mass spectrometer was a Sciex API 4000 triple quadrupole liquid chromatography-MS/MS system equipped with a TurboIonSpray ionization source operated by using the Analyst 1.4.1 software (Thermo Fisher Scientific, Waltham, MA, USA), as described previously. 8 Briefly, the ions monitored by using multiple reaction monitoring were m/z 436.0 (parent) and m/z 291.0 (product) for valsartan, and m/z 429.1 (parent) and m/z 207.2 (product) for the IS. Pharmacokinetic analysis of plasma concentrationtime data was carried out by using the WinNonlin Standard Edition software, version 5.3 (Pharsight Corp., St Louis, MO, USA). The area under the curve (AUC 0→24 h ) was calculated using the trapezoidal method. The maximum concentration of valsartan after oral administration (C max ) and the time to reach the maximum concentration were determined from the experimentally obtained data.
statistical analysis
The data were analyzed by a one-way analysis of variance test followed by the Student-Newman-Keuls and least-squares difference tests by using SPSS 21.0 software (IBM Corporation, Armonk, NY, USA).
Results and discussion
In this study, valsartan-polymer-surfactant composite nanoparticles were fabricated using the SAS process to enhance the dissolution and oral bioavailability of valsartan. Valsartan-polymer nanoparticles were prepared to screen HPC, HPMC, PVP K30, and PVP VA64 polymers. As shown in Figure 1 and Table 1 , valsartan-HPMC nanoparticles were spherical and had a mean particle size of 277. 
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For HPC, the mean particle size was greater than that of valsartan-HPMC nanoparticles, but the difference was not statistically significant (P0.1). The mean particle size and specific surface area of PVP K30 composite nanoparticles were larger than those of valsartan-HPMC nanoparticles, whereas they were smaller for PVP VA64 particles. The crystallinity of valsartan within composite nanoparticles was determined by using DSC and PXRD. The DSC curve of valsartan exhibited an endothermic peak at approximately 96°C with an enthalpy of 37.06 J/g, corresponding to its melting point. However, the endothermic peak of valsartan was not detected for all composite particles prepared by using the SAS process. In addition, the characteristic crystalline valsartan peaks were not observed in the PXRD patterns of all composite particles (Figure 1) . Therefore, the crystallinity of valsartan dramatically decreased, indicating that it was in an amorphous form within the composite nanoparticles (at 20% drug loading within the composite). The kinetic solubility test showed that the maximum valsartan concentration in valsartan-HPMC nanoparticles was 205 µg/mL, and that the concentration at 24 hours was 187 µg/mL. In general, a supersaturated state induced by the amorphous drug is thermodynamically unstable for poorly water-soluble drugpolymer composites, resulting in return to the equilibrium state through drug precipitation. 21, 22 Drug precipitation has to be inhibited to improve drug absorption from the gastrointestinal tract. Polymers can reduce drug precipitation and maintain the supersaturated state by inhibiting nucleation and crystal growth via surface and steric stabilization, and/or specific interactions with the drug such as hydrogen bonding, hydrophobic interactions, and complex formation. 23, 24 HPMC has many hydroxyl groups that act as both hydrogen bond acceptors and donors for APIs. This hydrogen bonding is attributed to positive effect for solubilization of poorly water-soluble APIs. 25 In fact, valsartan's solubility was the highest in the 5% HPMC aqueous solution compared to that in hydroxypropyl-β-cyclodextrin (HP-β-CD), PVP K30, and PVP VA64 in our previous study. 8 In this study, the HPMC polymer was most effective in preventing valsartan precipitation, followed by HPC. Previously, kinetic solubility tests showed that the oral absorption of poorly water-soluble drugs was strongly correlated to the degree of supersaturation and its maintenance over extended periods. Therefore, HPMC was selected as the polymer for preparation of valsartan composite nanoparticles by using the SAS process.
Ternary compositions, containing polymer in addition to surfactant, may provide effective surface modification and solubilization, resulting in enhanced supersaturation, dissolution rate, and oral absorption of valsartan. However, high amounts of surfactant can induce gastrointestinal tract irritation. Here, the valsartan-HPMC-surfactant composite nanoparticles were fabricated at a 20% drug:70% HPMC:10% surfactant (w/w/w) ratio. As shown in Table 1 , the size of valsartan composite nanoparticles increased after the addition of surfactants such as poloxamer 407, Ryoto sugar ester L1695, and TPGS. Valsartan-HPMC-Ryoto sugar ester L1695 particles showed some aggregation and had a specific surface area of 25.2 m 2 /g (Figure 2 ). The fusion and aggregation of nanoparticles might be due to the low melting temperature of surfactants, as previously reported. 10, 18 In fact, the melting points of the used surfactants were below 55°C. However, the mean size of all valsartan-HPMC-surfactant nanoparticles was less than 800 nm. The DSC curves and PXRD patterns of composite nanoparticles did not show the characteristic endothermic melting peak and diffraction peak, respectively, corresponding to crystalline valsartan, indicating that valsartan was present in an amorphous form within the composite nanoparticles ( Figure 3 ). The measured drug content was similar to the theoretical values ( Table 1 ), indicating that valsartan degradation did not occur during the SAS process.
Kinetic solubility tests were conducted in simulated gastric fluids at pH 1.2. The valsartan-HPMC nanoparticles had a maximum solubility of 205 µg/mL. As shown in Figure 4 , the maximum solubility of valsartan was dramatically increased by the addition of surfactant to valsartan-HPMC nanoparticles. In particular, the solubility of valsartan-HPMCpoloxamer 407 nanoparticles was 999.1 µg/mL, and their concentration at 24 hours was 992.1 µg/mL. The most effective surfactant tested was poloxamer 407, followed by TPGS and Ryoto sugar ester L1695. Poloxamer 407, a hydrophilic ethylene oxide-hydrophobic propylene oxide block copolymer, is an amphiphilic polymer that acts as a surfactant for solubilization via micelle formation, and as a precipitation inhibitor via steric stabilization and/or hydrogen bonding. 26 Poorly water-soluble APIs can be incorporated into the hydrophobic propylene oxide core of micelles formed via self-assembly, which would result in the solubilization of poorly water-soluble APIs. In our previous study, higher solubility of valsartan was observed upon using poloxamer 407 than upon using TPGS. 8 In addition, the synergistic effect of poloxamer 407 was observed on the supersaturation of valsartan induced from the HPMC composite. However, this topic needs further study using approaches such as a phase solubility analysis.
The in vitro dissolution profiles of valsartan composite nanoparticles were obtained in four different dissolution media ( Figure 5 ). The raw material had a pH-dependent dissolution profile due to its intrinsic pH-dependent solubility. Approximately 4% of the raw material was detected at pH 1.2 within 2 hours. However, approximately 78% of raw material dissolved at pH 6.8 within the same period. The extent and rate of dissolution of valsartan-HPMC nanoparticles increased according to the pH-dependent solubility of valsartan in the order: pH 1.2 pH 4.0 pH 6.8. Interestingly, pH-independent dissolution profiles of valsartan were obtained after the addition of surfactant into valsartan-HPMC nanoparticles owing to micellar solubilization. In particular, the valsartan-HPMC-poloxamer 407 nanoparticles exhibited faster drug release of up to 90% within 10 minutes under all conditions. Previously, it was reported that higher solubilization of valsartan was observed upon using poloxamer 407 than upon using cremophore EL, sodium lauryl sulfate, solutol HS15, TPGS, Ryoto sugar ester L1695, and Gelucire 44/14. 5, 8 The significant increase in both the dissolution extent and rate of valsartan might be because of the increased supersaturation caused by the amorphous form, and/or the improved wettability of the particles due to surface modification by the surfactant and HPMC. For the in vitro-in vivo correlation study, dissolution profiles were characterized using the dissolution efficiency (DE%) as defined by Khan and Rhodes. 27 DE% for valsartan composite nanoparticles was calculated from the area under the dissolution curves at 120 minutes and expressed as a percentage of the area of the rectangle resulting from 100% dissolution within the same time. As expected, the highest DE% was calculated for the valsartan-HPMC-poloxamer 407 nanoparticles ( Table 2) .
The pharmacokinetic study of valsartan composite nanoparticles and raw material was conducted in rats. The oral absorption of valsartan from the composite nanoparticles was dramatically higher than that of the raw material, as shown in the plasma concentration-time curves of valsartan after oral administration ( Figure 6 ). In particular, the valsartan-HPMC-poloxamer 407 nanoparticles exhibited higher oral bioavailability than that of the raw material, with approximately 7.2-and 4.6-fold higher C max and AUC 0→24 h , respectively (Table 3 ). In addition, the AUC 0→24 h of valsartan increased in the order: raw material  HPMC nanoparticles  HPMC-Ryoto sugar ester L1695 nanoparticles = HPMC-TPGS nanoparticles  HPMC-poloxamer 407 nanoparticles.
To determine whether there was a correlation between in vitro dissolution and in vivo parameters, a regression analysis was conducted by using DE%, C max , and AUC 0→24 h . As shown in Figure 7 , there was a positive linear correlation between the pharmacokinetic parameters (C max and AUC 0→24 h ) and the DE% calculated in pH 1.2 and pH 4.0 dissolution media (R 2 0.90). However, there was a poor correlation with DE% calculated in pH 6.8 dissolution media compared to that calculated in the other dissolution medium. Valsartan contains a tetrazole derivative-containing acid (pK a =4.73) as well as carboxylic-group acids (pK a =3.9) groups, which may influence its solubility in a pH-dependent manner, resulting in an extremely low dissolution rate at acidic pH conditions. However, valsartan showed a high dissolution rate for raw material and composite nanoparticles with pH 6.8 dissolution medium compared to that observed with an acidic pH dissolution medium. Thus, a poor correlation between dissolution data and pharmacokinetic data was observed for the pH 6.8 dissolution medium compared to that observed for the other dissolution medium. In fact, the oral bioavailability of valsartan was increased by enhancing the in vitro dissolution in pH 1.2 and pH 4.0 dissolution media, in agreement with our previous in vitro-in vivo correlation results using a spray-dried emulsion containing valsartan. The dissolution of valsartan was very slow due to poor water solubility at low pH because of its carboxylic acid-containing molecular structure. Generally, the oral absorption of a drug is proportional to the dissolution process within the gastrointestinal tract. 28 Therefore, the dissolution and solubilization steps could be ratelimiting for the absorption of a poorly water-soluble drug. In this study, the supersaturated solution of valsartan induced by composite nanoparticles resulted in increased absorption through the gastrointestinal epithelial membrane, thereby enhancing the oral bioavailability of valsartan. Considering the intrinsic solubility of valsartan and the physiological pH conditions of the gastrointestinal tract, it is important to increase the extent and rate of dissolution at conditions below pH 4.0 to develop a new dosage form of valsartan with high oral bioavailability.
Conclusion
In this study, spherical composite nanoparticles smaller than 400 nm, which contained valsartan, were fabricated by using the SAS process. The in vitro dissolution and oral bioavailability of valsartan were dramatically enhanced by the composite nanoparticles. Valsartan-HPMC-poloxamer 407 nanoparticles exhibited faster drug release of up to 90% within 10 minutes under all dissolution conditions, and higher oral bioavailability than that of the raw material, with approximately 7.2-and 4.6-fold higher C max and AUC 0→24 h , respectively. Therefore, the preparation of composite nanoparticles with HPMC and poloxamer 407 by using the SAS process could be an effective formulation strategy for the development of a new dosage form of valsartan with high oral bioavailability.
